A mechanism for contraction in skeletal muscle is proposed in which the tension-generating site is located within the core of the thick (myosin) filament, specifically within the trypsin-sensitive hinge region of the myosin rod. The force-developing mechanism is thought to be the transfer of energy from ATP splitting in the globular head of one molecule directly to the hinge region of an adjoining molecule, resulting in a phase transition from crystalline to amorphous within the hinge segment of the second molecule. Binding of MgATP at the actinmyosin interface is considered to be a release mechanism. The model leads to out-of-phase oscillating movement of the cross bridges.
In recent years, a large body of literature has accumulated demonstrating that the concept of "melting" during shrinkage and crystallization when polymeric systems are stretched can be regarded as a first-order phase transition, and that dimensional changes in fibrous proteins are intimately related to changes in crystallinity (1, 2) . A striking illustration of this phenomenon is seen, for example, in the case of a collagen fiber which may undergo abrupt contraction at a characteristic temperature, under a constant small load, to approximately l/6 of its normal, low-temperature length. The transition occurs over a temperature interval of only 2-30C. As is now well documented, the sharpness of the phase transition in the fibril is a macroscopic manifestation of the collagen helix --coil cooperative transformation. The equilibrium between crystalline and amorphous states, as a function of stress on the fiber, follows classical thermodynamic relations (between force, length, and temperature) in which the crystalamorphous phase transition is coupled with dimensional changes. Flory (3) has provided a detailed analysis of the dimensional and force changes to be expected on crystallization of linear polymeric systems and has proposed that a phase transition from an oriented, crystalline to a random, amorphous state underlies muscular contraction. A similar suggestion was put forward by Pryor (4) .
Consider a length of polymer chain that consists of ordered and disordered segments in which the end points are fixed in space. If the ordered (crystalline) segments are melted, the increased number of conformational states resulting from the increased number of rotatable bonds tends to contract the chain. Since the chain ends are fixed, a force that stems from a rise in conformational entropy of the chain will be generated. rhus, orientation imposed by stretching should promote crystallization, and, conversely, crystallization in a previously oriented polymer should diminish the stress. Although the equilibrium between crystalline and amorphous regions o0 the chain can be displaced with temperature, it is well known that protonation of charged side groups or binding of a charged solute of low molecular weight can also promote a shift in the force-elongation relations as a function of the composition of the external solution. Several authors (3) (4) (5) (6) (7) (8) (9) have proposed that this type of interaction, leading to a displacement of the crystalline~±amorphous equilibrium in muscle fiber could, in principle, be used to convert chemical into mechanical energy. The elastic force and sample length in such a system would perform as analogs of the pressure and volume in a steam engine, where the phase change is one of vaporization rather than melting. An extremely important aspect of such a mechanochemical engine, as it applies to muscle, is that the force exerted through melting will be directed along the fiber axis, i.e., in the direction of orientation of the folded chains. This feature focuses attention immediately on the longitudinally-oriented anisotropic myosin molecules within the thick filaments of the A band as the structural elements undergoing the phase transition, rather than the neighboring actin filaments, which are composed of globular subunits.
Nevertheless, there is an important and frustrating obstacle in accepting such an apparently simple and elegant mechanism for energy transduction in muscle. It is now clear that the locus for energy production is the ATP-splitting enzymatic site, and that this site is located about 150 'A away from the surface of the thick filament during force generation. Huxley (10) , in a thorough analysis of the currently available information on contraction, has developed a self-consistent model based primarily on events deduced from electron microscope and x-ray diffraction evidence; the site of the force-developing mechanism is the globular (ATPase-active) segment of the myosin molecule after its attachment to the actin filament. As he observes, ". . . it is not easy to imagine that relatively distant changes in the head region (i.e., when it is attached to the actin filament) could cause the two-chain a-helical structure to fold up to a shorter length. . .". It is my purpose here to suggest an alternative mechanism, in which the energy derived from ATP hydrolysis can be directly transduced within the filament core.
Over the past few years a rather detailed structure for the myosin molecule has emerged from the work of several laboratories (11) (12) (13) (14) (15) (16) (17) . Its essential features consist of a two-stranded cable of a-helices, with each strand of the cable folded at one end into an ATPase-active globule. Within the predominantly a-helical tail of this sperm-like particle, a segment amounting to 200-300 amino acid residues (18) of each chain is susceptible to rapid trypsin digestion and has been postulated to exist in an imperfectly ordered (a-helical) conformation (14, 19) . The through its increased flexibility, act as a hinge for movement presence of such an "amorphous" segment of the molecule was of the globular (cross-bridge) segment away from the thick deduced several years ago from kinetic studies of proteolysis, filament surface during contraction. Although the primary but its possible significance in understanding the contractile structure of the trypsin-sensitive hinge region of myosin is process has not been generally appreciated. Recently, Pepe still unknown, peptides released during the early stages of (20) and Huxley (10) have postulated that this region may, proteolysis, which are thought to originate primarily from this
Proc. Nat. Acad. Sci. USA 68 (1971) region,* contain a high density of interior lysine and arginine residues and are relatively low in glutamic and aspartic acid (18 deduced from detailed electron microscope and x-ray diffraction evidence (10, (22) (23) (24) (25) Fig. la, b) and that of its partner in row 6. As one moves away from the M-line (Fig. lc) it will be seen that the head (cross bridge) of a molecule originating in row 3 will lie on the hinge of its dimer partner originating in row 6, the head of 6 on the hinge of 3, the head of 3 on the hinge of 6, etc. A similar arrangement is observed for the other 5 rows of cross bridges, with light meromyosin segments of the myosin dimers making up these rows originating from their appropriately numbered rows within the core (Fig. la) .
First consider resting muscle. The concentration of calcium ions in the interfibrillar space is of the order of < 10-7 M (27-* A small fraction of the early peptides, high in proline, are now known to originate from cleavage near the head (12) . Fig. lc) and is rapidly cleaved, in the immediate vicinity of the hinge region of molecule 6,, leading to a burst of protons (31) in this region. I propose that the rapid elevation in local concentration of ions (protons) produces a cooperative helix --coil transition at the hinge site of molecule 61, leading to a contraction of the polypeptide chains within the hinge (Fig. Id) . Since the flexible hinge segment of 61 has been distorted to overlap with the light meromyosin segment of molecule 62, the crystalline --amorphous transition within the hinge of 61 will yield a simultaneous rotation and contraction in the lever arm attached to the cross bridge (see Fig. 2 ), and the bridge will be flipped out from the surface of the core. The rate of splitting of ATP at the head of 31 will be governed by the rate of dissociation of the split products, ADP and Pi, from the enzymatic sites in accord with the experiments of Taylor, Lymn, and Moll (32) . Since the product dissociation rate is low [the rate constant, k, is about 0.08 sec-' (33) ] in the ionic environment of resting muscle, the next burst of protons from 31 will occur long after the cross bridge 61 has cycled and returned to its resting state. On the return of cross bridge 6, to its resting position, it can act in turn on the hinge of 32. This process, in which the energy released on ATP hydrolysis of one molecule is transduced at the hinge of its partner, and the ATP cleavage at the head of this latter element acts (in its resting position) in turn on the hinge of the succeeding dimer, will occur at each cross bridge along a given row. At the low Ca++ concentration and the high MgATP concentration of resting muscle, the binding constant of the cross bridge to the actin-tropomyosin complex is depressed (30, 34) , and the net result is a flickering oscillation of cross bridges, but without significant tension generation in the actin filaments. Because of the relatively low value of the steady-state rate constant for ATP cleavage, most of the cross bridges will be found in their resting state at any instant.
After excitation of the sarcoplasmic reticular vesicles, a pulse of calcium ions is injected into the interfibrillar space (30, 34) , increasing this ion to a concentration sufficient to promote binding (34) (35) (36) to native tropomyosin along the actin filaments. The evidence is strong that this process reduces the inhibiting effect of tropomyosin on the actinmyosin interaction (34) (35) (36) (37) (38) , allowing the cross bridges to engage with their appropriate actin filaments. From the viewpoint of the present theory, coupling of the cross bridge with the actin-binding site allows tension to be generated along the actin fiber, resulting in a net tensile force on this structure in the direction of the M-line as the polypeptide chains in the hinge undergo contraction. The steady-state rate of myosin-ATP hydrolysis is increased by as much as 200 times (37) in the presence of actin, and recent evidence (32, 33) suggests that this activation results from an increased dissociation rate of the enzyme-product complex (myosin-ADP-Pi). Stoppedflow spectrophotometric studies (39) show that dissociation of the actomyosin complex upon the binding of MIgATP occurs with a half-life of less than 5 msec. These kinetic experiments, as well as the sulfhydryl titration studies of Barany (40) , indicate that MgATP is bound at a site distinct from the actin-binding site. Now consider a possible sequence of events for a single cross bridge undergoing a contractile cycle in the activated state of muscle. The cycle starts with the cross bridge in its resting state and with ATP bound to the head of its transducing partner. ATP is rapidly cleaved, and the burst of ions contracts the hinge, swinging the cross bridge away from the surface of the core. The rate constant for the hydrolytic process at 20'C in an ionic environment comparable to that of muscle is about 100 sec' (31) . The resulting crystalline -0. amorphous phase transition is expected to be so fast as not to be rate limiting [helix -> coil transitions in a-helical systems appear to have relaxation times of the order of 10-v sec'I (41)]. Moreover, diffusion of the released ions to the binding sites on the hinge is not expected to be rate-limiting, since the distance between the enzyme surface and the hinge interface is likely to be of the order of Angstroms. The bridge couples with actin at a rate comparable to the rate of ATP hydrolysis (31) . However, binding of MgATP to the cross bridge appears to be rate-limited by the dissociation rate of the split products ADP and Pi. As noted above, the rate of removal of split products increases by about 100 times on coupling the bridge to actin; at 20'C this process would be expected to have a rate constant in the range of about 10-20 sec'. This relatively slow reaction time may be required to allow tension to develop in the actin filament. Since the dissociation rate of the myosinactin complex on binding MgATP corresponds to an actomyosin half-life of less than 5 msec, the binding of MgATP can be considered a release mechanism, as suggested by Finlayson et al. (31) . This step closes the cycle and allows the cross bridge to return to its resting state charged for subsequent energy transduction at the hinge of the adjoining 4 ATPase sites could be involved in energy transduction for each cross bridge.
It will be clear that the mechanism for tension generation in the trypsin-sensitive hinge region proposed here requires a significant fraction of the cross bridges to be lying in the relaxed state at any moment. On the basis of their recent x-ray diffraction experiments, Miller and Tregear (44) suggest that 10-20% more cross bridges attach at any one time in activated insect flight muscle than in the relaxed state.
Since activation at the binding sites arranged systematically along the length of the I filaments occurs through diffusion of calcium ions within the interfibrillar space, movement of the cross bridges will be initiated sequentially in time and will thus continue to oscillate out of phase while Ca++ is present.
The search for a well-defined conformational change in the myosin molecule during ATP hydrolysis has not been notably successful (see Morales (45) 
